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Abstra ct 
Zn-Fe-0 phases formed during roasting of con-
centrates from zinc sulfide ores produce soluble 
zinc oxide, oxy-sulfates and insoluble ferrite 
compounds. The ferrites have a general formula 
ZnOFe203. However, these ferrites have a range 
of magnetic properties, suggesting variab l e stoi-
chiometry. Scanning electron microscopy has been 
used to obtain the general relationship between 
the Zn/Fe ratio of the ferrites and their magnetic 
susceptibility. 
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Introduction 
In preparation for leaching, zinc sulfide 
concentrates are roasted to form, primarily, 
zinc oxide which is readily soluble in sulfuric 
acid. During roasting zinc ferrite is also 
formed. Zinc ferrite is an undesirable phase be-
cause it is more difficult to leach, requiring 
more aggressive hot acid leaching. 
In ear lier papers (Lastra et al, 1987a and 
1987b) the characterization of three residues 
from Kidd Creek all containing zinc ferrites was 
reported. These residues were: l. - Smelter 
dust from the Mitsubishi-copper plant; 
2. - Jarosite residue and 3. - Hot-Acid-Leach 
(HAL) residue. The characterization of those 
zinc ferrites was facilitated by magnetic frac-
tionation at different magnetic fields, producing 
a series of magnetic fractions. SEM-EDS analysis 
of a few (<10) particles of some of the magnetic 
fractions of the HAL residue suggested that zinc 
ferrite may have a variable Zn/Fe ratio which was 
possibly related to their magnetic susceptibilit~ 
Because a variable Zn/Fe ratio of zinc ferrite 
has important metallurgical implications a sys-
tematic study was undertaken to examine the 
variability of the Zn/Fe ratio and its relation-
ship to the magnetic susceptibility. This sys-
tematic study is reported here. For this study 
a different source of zinc ferrite was used, a 
residue from the Canadian Electrolytic Zinc plant 
and the Zn/Fe ratio values were obtained by SEM-
EDS analysis of about 100 particles from each of 
the magnetic fractions where zinc ferrite was 
found to be the most abundant phase. 
Sample Description and Phase Identification 
The sample was a red-brown moist paste from 
the low-acid-leach circuit of the zinc plant of 
Canadian Electrolytic Zinc (CEZ) (Figure l). The 
sample as received was dried at 100°c for 24 hrs 
and homogenized. The specific gravity of the 
sample was determined (conventional and gas-null 
picnometer) to be an average of 4.095 with a 
standard deviation of 0.102. The maximum par-
ticle size (determined by screening) was about 
95 µm. Size classification was performed with a 
Warman Cyclosizer (Kelsall and McAdam, 1963) to 
produce five closely sized fractions (Table l). 
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Figure l General flowsheet of the CEZ plant. 
(Rodier, 1981). The sample for these 
studies was the low-acid-leach residue 
Table l Particle size analysis of the low acid 
leach residue from CEZ 
Cone Equivalent Weight 
Number Particle % 
Size [pm] 
1 36 . 29 1.7 
2 27.21 3.9 
3 18 . 97 6.9 
4 12.37 7.5 
5 9.07 5.4 
-5 -9.07 74.60 
The Cyclosizer collects into a single cone frac-
tion all particles which have a settling rate 
within a specified range. The equivalent par-
ticle size reported is the calcu l ated diameter of 
spherical particles of specific gravity 4.095 
with the same settling rate. 
The major phases were identified with an 
X-ray diffractometer (XRD) coupled with an auto-
mated diffractometry software package (APD 1700, 
V3, Philips). The X-ray spectra were acquired 
using Cu, Kal and Kaz radiation from a copper 
tube operated at 40 kV and 20 mA. The scan was 
performed between 5 to 100 20-degrees with a 
step size of 0. 020 deg. and a sampl ing time of l 
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second. 
For elemental analysis, the samples were 
sprinkled on double sided adhesive tape, provid-
ing a dense coverage, and were mounted on graph-
ite stubs. Standardless quantitative SEM-EDS 
analysis (SQ, Tracor TN5500) was performed using 
general frames at magnifications of lOOX. The 
results of these bulk elemental analyses were 
used to provide the list of present elements to 
the automated XRD search-and-match program, as 
this aids characterization using the automated 
search-match software. 
Table 2 gives the major phases identified as 
present in the original sample and in the cone 
fractions of the cyclosizer. The approximate 
weight percent is only an estimate (given by the 
program SANDMAN) since matrix corrections were 
not performed. However the results do indicate 
the relative proportions of the major phases pre-
sent in the cone fra ction s . Using the results in 
Table 2 it is possible to select cone size frac -
tions suited for the magnetic fractionation. 
Table 2 Major phases identified by SANDMAN-APO 
1700 in the original low-acid-leach 
residue CEZ sample and in the size 
fractions from the Cyclosizer. 
SAMPLE IDENTIFIED PHASE 
FORMULA APPROXIMATE 
wt. % 
original ZnFe 2o4 80 
Fe~o 3 7 
Pb o 4 5 
cone 1 ZnFe 2o4 81 
Fet3 4 
Fe 2 4 
cone 2 ZnFe 2o 4 64 
Fe 2o 3 12 
ZnS 12 
cone 3 ZnFe 2o 4 78 
Fe 2o3 12 
cone 4 ZnFe 2o4 45 
Fet3 14 
Zn 37 
Sio 2 5 
cone 5 ZnFe 2o 4 71 
Fe 2o3 20 
-cone 5 ZnFe 2o4 95 
Fe 2o3 5 
Phase Separation of Frantz Isodynamic Magnetic 
Separator 
Magnetic fractionation of the ferrites was 
performed on an isodynamic separator (Frantz). 
This unit achieves precise separation based sole-
ly on differences in magnetic susceptibilities 
(Hess, 1959). Magnetic separation on the Frantz 
is performed dry and is best on re l atively coarse 
(>15 µm) mono-sized fractions. From Table 2 it 
can be seen that of the coarse size fractions, 
SEM Analysis of Zinc Ferrites 
cone 3 has the simplest major-phase composition 
where zinc ferrite is the most abundant phase. 
Therefore the cone 3 fraction was selected for 
magnetic fractionation. 
The procedure consisted of separating the 
sample into magnetics and non-magnetics at a 
given current on the Frantz. The sample was fed 
slowly and evenly by a vibrator to approach 
separation on a particle-by-particle basis. 
Typically the feed rate was such that a 7-gram 
sample took 3 days to process. When all the 
sample was passed, the magnetics were weighed and 
stored while the non-magnetics were used as feed 
for a higher current setting. Table 3 shows the 
results for the separations performed at currents 
20 to 572 mA. The equivalent magnetic field 
given in Table 3 was obtained from previous 
calibrations of the Frantz (Nesset and Finch, 
7980). The magnetic susceptibility in Table 3, 
was calculated from (Hess, 1959; Dobby et al, 
1979; Finch and Leroux, 1982): 
K 
where: 







Magnetic susceptibilitx_, [S.I. units ] 
Particle Density [Kg/m.:.J 
Side slope of Frantz unit [deg] 
Current to the magnet [A] 
Table 3 Frantz magnetic separation of cone 3 
fraction of CEZ ferrites. 
Frantz s ide slope was 200 
CURRENT EQUIVALENT 







180 0. 25 
211 0.29 
250 0.34 
300 0. 41 
356 0 .4 9 
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1. 69 47.49 
15.05 62.54 
7.56 70.10 
4.67 74 . 77 
0.39 75.16 
1.09 76 .2 5 
An average susceptibility corresponds to that 
giving a 50:50 split of the magnetic material. 
In this case since the sample contained about 76% 
of magnetic material (the percent separating to 
magnetics above ~470 mA was negligible) then 50% 
of the magnetic fraction is at ~38% mass recovery 
and by interpolation from Table 3, K~ x 10-3. 
This value is similar to that reported for zinc 
ferrite from the Kidd Creek jarosite and HAL re-
sidues. (Lastra et al, 1987b). 
XRD of Magnetic Products 
The Frantz magnetic products were studied by 
1429 
XRD using a similar procedure to that already de-
scribed. Table 4 gives the identified major 
phases. It can be seen that the magnetic pro-
ducts up to 412 mA are mainly binary mixtures. 
The concentration of the two phases in these pro-




weight fraction of phase l 
I ;/le 
intensity of a selected line of phase 
i in a 50-50 mixture with corundum 
intensity of a selected line or corun-
dum in a 50-50 mixture with phase i 
intensity of the same selected line of 
phase l in the unknown binary 
intensity of the same selected line of 
phase 2 in the unknown binary 
Table 4 Major phases identified in the 
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The values used for ki were the I/Ic figures 
published by JCPDS, consequently the results are 
approximate. However, they are more acc~rate 
than the ones given by program SANDMAN since 
eq. 2 allows for some matrix correction. Table 4 
shows that the concentration of zinc ferrite is 
high in the magnetics up to 211 mA, then the con-
centration decreases; in the magnetics of 356 and 
412 mA the most abundant phase is hematite. 
SEM of Magnetic Fractions 
The SEM study was designed to measure the 
Zn/Fe ratio of particles in the Frantz fractions 
to determine if the wide range in susceptibility 
(Table 3) was related to the Zn/Fe ratio, as pre-
vious work had suggested (Lastra et al, 1987b). 
Frantz fractions up to 300 mA were used as 
these contain primarily zinc ferrite (Table 4) ! 
However, they also contain other iron phases, 
thus the Zn/Fe ratio cannot be measured by bulk 
analysis. The SEM-EDS technique, therefore, was 
used to measure the Zn/Fe ratio on a particle-by-
particle basis. About 70-100 particles in each 
Frantz fraction were examined. The sample pre-
paration method was to sprinkle on double side 
adhesive tape mounted on a graphite planchette. 
This simple sample preparation method was made 
possible due to the relatively coarse particle 
size (cone 3 size fraction). 
Quantitative X-ray microanalysis i s compli-
cated by geometric effects (Goldstein etal., 1981). 
The complications can be divided into mass 
effects, absorption effects and fluorescence 
effects. The mass effect arises when the par-
ticle dimensions are equal or smaller than the 
interaction volume. This effect i s limited by 
usi ng cone 3 size particles. The absorption 
effect was alleviated by using a high-take-off 
angle to the detector of 53° and by scanning the 
whole particle (i.e. bracketing) when acquiring 
EDS spectra. Some inaccuracy can be expected due 
to the rough surface of the particles. Polished 
specimens will not s ignifi cantly reduce thi s 
effect as the particles are not solid but aggre-
gates of fused crystallites, which makes poli~h-
ing difficult due to plucking out of crystallites 
from the sample. 
The program VISTA-SIA (TRACOR TN500, ser ies 
II) was used to simplify the task of accumulating 
information. A working frame of approximately 
350X was used in order to have sufficient par-
ticles per frame while still maintaining a good 
resolution of the particles. The selection of 
the cone 3 size fraction also allowed the use of 
low magnifications. Figure 2 shows a typical 
working frame for the 40 mA magnetic fraction. 
The working frame was transformed into a digital 
image (512 x 512 pixel) using the video signal. 
The digitized image was used to create a binary 
image depicting those pixels which belong to 
particle-areas. This binary image was edited to 
separate touching particles and to close pixel 
holes inside the particles (Figure 3). The bi-
nary image was used as a template to guide the 
electron beam to the particles and do bracketing 
EDS acquisition for 30 seconds. Figure 4 is a 
3-minute exposure photograph of the SEM screen 
showing the dot-matrix used for the electron beam 
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to perform bracketing scans for each particle. 
Figure 5 is a photograph of the TRACOR ~creen 
while the particles in the frame are being ch~r-
acterized by size and by chemical ~ype. Suffi- . 
cient working frames were used to include appro~-
mately 100 particles per magnetic fractio~. The 
particles were classified by the progr~m ~nto 
chemical type by considering the associations and 
the normalized-percent counts in the EDS windows 
of Zn, Fe, Cu, Si, Al, S, Cd, and Pb. Typically 
all particles could be classified by the defined 
element-windows. 
It was found that the magnetic fractions up 
to 300 mA contained a majority of particles 
having at least 94% of their normalized counts 
due to iron plus zinc (i.e. zinc ferrites, in 
agreement with the XRD results in Table 4). The 
normalized-percent counts for zinc and iron were 
used to plot histograms and to obtain the most 
frequent (modal) Zn/Fe ratio. This ratio was then 
ZAF-corrected to calculate what was called the 
modal EDS-ZAF Zn/Fe ratio. 
Figure 6 shows a zinc ferrite which has the 
modal EDS-ZAF Zn/Fe ratio of 0.36 for the 40 mA 
magnetic fraction. Figure 7 shows a zinc ferrite 
particle in the 300 mA fraction with the EDS-ZAF 
Zn/Fe ratio of 0.53. No obvious differences in 
morphology between the particles i s apparent 
despite the difference in Zn/Fe ratios. Figure 8 
shows a BE image of the particle in Figure 7. It 
is clear that these particles are of heterogeneou s 
nature. This is another ju s tification for us ing 
full particle scanning to obtain the EDS spectra. 
Figure 9 summarizes the observations, it . 
gives the modal Zn/Fe ratio found in each magnetic 
fraction. The lower curve gives the modal Zn/Fe 
ratio not ZAF corrected while the upper curve 
gives the same ratio but ZAF-corrected. The bars 
in Figure 9 are for plus/minus one standard 
deviation. It can be seen that the mode Zn/Fe 
ratio (ZAF or not ZAF corrected) tend to increase 
in the magnetic fractions obtained at higher 
currents (those which have lower magnetic sus-
ceptibility). The EDS-ZAF Zn/Fe ratio increa ses 
up to about 0.55 for the magnetic fraction of 
180 mA, then remains approximately constant up 
to 211 mA. The ratio of 'c().55 is close to the 
stoichiometric valu~ of 0.59 f or ZnOFe2□ 3. The 
Zn/Fe ratio decreases slightly for the magnetic 
fractions of 250 and 300 mA. 
Discussion 
Figure 9 was constructed using the modal 
Zn/Fe ratio. The latter was obtained from histo-
grams of normalized percent counts for zinc and 
iron. The histograms showed scatter. This 
scatter may be partly due to geometrical effects 
or the presence in the magnetic fractions of 
particles that have been mechanically misplaced 
in the Frantz separator. Therefore the mode was 
used because it has the advantage, over the mean, 
of eliminating outlier data. 
The EDS modal Zn/Fe ratios were all ZAF 
corrected for easy compar1son with the stoichio-
metric weight percent Zn/Fe ratio of ZnOFe203. 
As it is known that the particle geometry affects 
ZAF corrections the experiment was designed to 
SEM Analysis of Zinc Ferrites 
Figure 2 Sample of the 40 mA magnetic product 
from the cone 3 size fraction of the 
low-acid-leach residue of CEZ. Photo-
graph of SEM display, showing the 
general type of ··working frame·· used 
for VISTA-SIA. Magnification is 350X. 
The area between the line s gives the 
area deoicted in Fiaure 3. 
Figure 3 Photograph of the analyzer display 
showing part of the edited binary image 
from Figure 2. Touching particles have 
been separated, this allows the collec-
tion of EDS spectra from each particle, 
otherwise one EDS spectra from each 
group of particles will be collected. 
Figure 6 Zinc-ferrite particle in the 40 mA 
magnetic product from the ferrites of 
the CEZ plant. ZAF-EDS Zn/Fe ratio is 
0.36. 
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Figure 4 Photograph of the SEM display while 
VISTA-SIA is controlling the electron 
beam to obtain the X-ray spectras by 
scanning the entire area of features of 
interest. Scans on six particles are 
shown, labels A, B, ... etc., refer to 
the same label s in Figure 5. 
Figure 5 Photograph of the analyzer di splay while 
VISTA-SIA is characteriz ing by size and 
chemical type the particles of the 
edited binary (at left) image from 
Figure 2. The EDS spec tra shown corres-
ponds to the last particle being ana-
lyzed (label L). The largest peak is 
Fe K , the second larger peak is Zn Ka . 
a 
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Figure 7 Zinc ferrite particle in the 300 mA 
magnetic product from the f errites of 
the CEZ plant. ZAF-EDS Zn/Fe ratio i s 
0.53. 
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Figure 9 
ZAF corrected mode Zn/Fe ratio and uncorrected mode 
Zn/Fe ratio for the Frantz magnetic fractions of up 
to 300 mA. It is evident that lower Zn/Fe ratio are 
related to magnetic fractions obtained at lower 
currents. The Zn/Fe ratio for the magnetic fraction 
of 20 mA is not reported because it was considered 
unreliable due to the small amount of this fraction. 
At the other end, the mode Zn/Fe ratio for the frac-
tions above 300 mA is not reported in this Figure 
since according to XRD, Fe2o3 is the major phase in those fractions. 
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Figure 8 BEi of zinc ferrite particle in Figurel 
It can be seen that the par ticle s ana-
lyzed in this work are in fact aggre-
gate s of smaller particles. Consequent -
ly EDS spectra acquired on the whole 
surface feature make results easier t o 
interpret t han EDS spectra acquired 
with spot analy s is . 
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XRD patterns of zinc ferrite and 
magnetite. The similarity of the 
spectra is obvious. 
80 
SEM Analysis of Zinc Ferrites 
alleviate geometrical effects. For example the 
use of a high take-off angle, the bracketing 
ras ter on the whole of the particle, and their 
relatively coarse size are all factor s that re-
duce the geometrical effects. Also, employing 
many particles to obtain the mode Zn/Fe ratio re-
duces the bias from geometrical effects because 
many particle-orientations are included. How-
ever, it is recognized that the results of the 
EDS-ZAF correction may not be absolute, but the 
importance is in the trend of the Zn/Fe ratio 
with magnetic susceptibility. Figure 9 shows 
that even the uncorrected mode Zn/Fe ratio ex-
hibits larger values for the fractions obtained 
at higher currents. Therefore it is well demon-
st rated that the Zn/Fe ratio tends to increase as 
magnetic susceptibility decreases. 
Table 4 shows that the only zinc-containing 
phase in the magnetic fractions up to 300 mA is 
zinc ferrite. The stoichiometric ratio for 
Zn0Fe2o3 is 0.59, yet despite the absence of any 
other zinc-containing phase the Zn/Fe ratio 
varies from ~o.35 to ~0.55. The following possi-
bilities could explain such a variation: 
l. The agglomerate nature of the particles may 
mean stoichiometric zinc ferrite is present 
with stoichiometric hematite. The presence 
of hematite will lower the Zn/Fe ratio of the 
agglomerate. 
2. Magnetite (Fe304), as a separate phase, may 
be also present in the agglomerates. This 
could also lower the Zn/Fe ratio of the 
aggregates. 
3. Zinc ferrite has a compositiona l variation 
which is related to changes in magnetic sus-
ceptibility. 
The first possibility can be discarded be-
cause stoichiometric hematite has a lower maanetic 
susceptibility than stoichiometric zinc ferr,ite 
(Taggart, 1954 and Telford et al, 1978). There-
fore agglomerates having larger proportions of 
hematite (and hence lower Zn/Fe ratio) should re-
port to magnetic fractions having lower magnetic 
susceptibility and not as indicated in Figure 9 
to magnetic products having higher masnetic sus-
ceptibility. 
The second possibility does correspond to 
the correlation between Zn/Fe ratio and magnetic 
susceptibility since sto ichiometric magnetite has 
a higher magnetic susceptibility than stoichio-
metric zinc ferrite. The fact that XRD did not 
identify magnetite as a major present phase is 
not enough to eliminate this possibility since the 
XRD patterns of zinc ferrite and magnetite are 
simi lar (Fig. 10) and the automated search and 
match program may not be able to distinguish the 
two phases. However, the second possibility does 
require magnetite to be a thermodynamically stable 
phase under the conditions of the roasting of 
zinc sulphide concentrates, which is not the case 
(Benner and Kenworthy 1966). Subsequent Mossbauer 
spectroscopy on these samples supported the valid-
ity of the XRD analysis (paper in preparation, 
Muir et al. 1988). Therefore the second possi-
bility can be rejected. 
The results are best explained by zinc 
ferrites with compositional variation. The compo-
sit ional variation leads to variable magnetic sus-
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ceptibility. The lower the Zn/Fe ratio the high-
er the susceptibility. The compositional varia-
tion of the zinc ferrites and the XRD results 
support a solid solution ferrite of the form 
ZnxFe3_xo4 whose crystal dimensions change little, 
making the automated XRD search and match program 
identify zinc ferrite (Zn0Fe203). The proposal 
agrees with the reported behaviour for syntheti-
cally prepared zinc ferrites: Lyamina et al, 1985 
identified by electron diffraction analysis, a 
solid solution ZnxFe3_xo4 with a lattice parameter 
(a 0 ) varying continuously between stoichiometric 
zinc ferrite and magnetite with a0= 0.8390 nm at 
x = l and 0.8437 nm at x = 0. (Figure 10 indi-
cates the similarity of the XRD patterns of 
ZnFe204 and Fe304); Srivastava et al, 1976, pre-
pared synthetic zinc ferrites from pure Zn0 and 
Fe2o3, they found that the magnetization at 303 K 
decreased with increasing zinc concentration for 
zinc ferrites with x = 0.2 to x = 0.8 for 
Zn~Fe3_x04 (corresponding to Zn/Fe wt% ratio of 
0. 18 to 0.43 respectively). 
It is believed that the variable Zn/Fe ratio 
of the industrially produced ferrites could also 
have an influence on their leachability . There is 
a susp icion that the lower Zn/Fe ratio ferrites 
are harder to leach. Since there is a possibility 
of recovering ferrites magnetically for recycling 
this will preferentially recycle low Zn/Fe ratio 
ferrites which, if the suspicion is founded, is 
not desirable. Experimental evidence is necessary 
to test the leachability of the zinc ferrites as 
a function of their Zn/Fe ratio. 
Finally, the slight decrease of the Zn/Fe 
ratio for the magnetic fractions of 250 and 
300 mA might be explained by the fact that the 
hematite content of these fractions increases up 
to ~33%. This increases the chances of encounter-
ing, in these low-magnetic susceptibility frac-
tions, agglomerates which have their Zn/Fe ratios 
reduced due to the presence of hematite . 
Conclusions 
The mode EDS-ZAF Zn/Fe ratio of zinc ferrite 
particles formed on roasting was not constant but 
changed from 0.35 to 0.55. This corresponded to 
a magneti c susceptibility change from ~5.5*10- 2 
to ~3.9*10-3 (S.I. units). The variation in the 
Zn/Fe ratio of the zinc ferrite is explained by 
a solid solution ZnxFe3_x04. The role of vari-
able Zn/Fe ratio on ferrite leachability must be 
considered in evaluating the magnetic recover y 
and recycling of ferrites. 
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Discussion with Reviewers 
Reviewer I: The magnetic separatio n techniques, 
and consequent ly the equivalent magnetic sus-
cept ibilitie s are doubtful. The doubtful results 
can be seen from Table 4 (used to construct 
Figure 9, which summarizes the whole study) Si02 
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was separated at lower current than ZnS and FeS-
a result that the reviewer does not believe cor-
rect. 
Authors: Figure 9 was constructed with data from 
Tables 3 and 4 for the magnetic fractions from 
40 to 300 mA. The remarks concerning Si02, ZnS 
and FeS are appli cable for currents of 476 mA and 
greater (in Table 4). These data were not used 
in constructing Figure 9. Independent magnetic 
measurements with a Foner magnetometer with the 
magnetic fractions (of Table 3 or 4), showed 
that indeed there is a large change in magnetic 
susceptibility, for example the values of the 
magnetization relative to the magnetization of 
nickel (M/MNi) for the fractions of 20, 40 ... and 
211 mA are 0.51, 0.31 and 0.007 respectively. 
The magnetic separation technique employed, 
namely the Frantz separator, is the only device 
known to the authors that is capable of isolating 
fractions with only small differences in magnetic 
susceptibility. The Foner measurements supports 
the ability of the Frantz to so fractionate. As 
regards the Si02: only part of the Si02 present 
in Cone 3 was separated at a current of 476 mA, 
most of it (~15 times more than the Si02 in the 
476 mA fraction) is still reporting to the non-
magnetics of 572 mA. The fact that some Si02 
reports to the 476 mA magnetic fraction, should 
not be considered as an obvious error raising 
concerns about the validity of the magnetic 
techniques since even slight contamination of the 
Si02 with iron increases its magnetic susceptibi-
lity (converting it from diamagnetic to para-
magnetic for instance). The ZnS (pure) and FeS 
(especially pyrite FeS2) are also very weakly 
magnetic and not readily isolated even from Si02. 
Reviewer I: There are many more compounds in the 
low-acid-leach residue than those listed in 
Table 2 and Table 4. Where are these compounds 
in the Frantz magnetic products? This discrepancy 
exemplifies the poor quality of the quantitative 
XRD results. 
Authors: Tables 2 and 4 list only the major 
phases present which are all of concern here. 
Mossbauer analysis of selected magnetic fractions 
of 80 mA, 130 mA and 356 mA do show that they 
c?ntain mainly zin~ ferrite and Fe2o3 in propor-
tions that agree with those quoted in Table 4. 
The Foner magnetometer and the Mossbauer measure-
ments will be presented and discussed in a future 
paper. 
Reviewer I: It is a total surprise to the re-
viewer that the authors used EDX analyses on 
rough particles to determine the Zn/Fe wt. ratios 
instead of using electron microprobe on polished 
section mounts. 
Authors: Our problem was that the particles that 
were studied in this paper were agglomerates. The 
agglomerat e nature of the particles is evident in 
Figure 8. The preparation of flat specimens in-
volves polishing which could remove parts of those 
agglomerate s; this would alter the samples in un-
known ways. Instead of dealing with possible un-
known sample preparation artifacts, it was con-
sidered more prudent to use substrate specimens 
to maintain the agglomerate integrity. Some pre-
SEM Analysis of Zinc Ferrites 
cautions were taken (mentioned in the text) to 
reduce errors in analyzing the particles by EDS. 
However it is appreciated that the use of sub-
strates and SEM-EDS would mean more inaccurate 
Zn/Fe values. However, absolute accuracy of the 
Zn/Fe ratios could be sacrificed since the ob-
jective of the work was to find the general trend 
between the Zn/Fe ratio and the magnetic suscepti-
bility in the industrially produced zinc ferrites. 
The results of this paper show conclusively that 
the industrially produced zinc ferrites have a 
variation in magnetic susceptibility which is re-
lated with a variable Zn/Fe ratio, the lower Zn/Fe 
zinc ferrites showing higher values of suscepti-
bility. These results, interestingly, are in 
agreement with the findings relating variation in 
composition and magnetic properties of synthet ica~ 
ly produced zinc ferrites (Srivastava et al, l976i 
Reviewer I: If zinc ferrite has a compositional 
variation, its cell dimension should show linear 
variation with composition. A careful X-ray 
diffraction study, such as lea st-square cell re-
finements from X-ray powder data should show the 
variations. 
Authors: As mentioned in the text zinc ferrite 
does show a compositional variation. The vari a-
tion in cell dimensions has been reported by 
others using sample s better suited to that task: 
Lyamina et al, 1985 studied zinc ferrites prepared 
under labor atory condition s and identified a solid 
solution ZnxFe3_xo4 with lattice parameters (from 
electron ditfraction studies) a
0 
= 0.8390 nm at 
x = l and 0.8437 nm at x = 0. Srivasta va et al, 
1976 prepared zinc ferrites ZnxFe3_xo4 from ZnO 
and Fe2o3. They determined the lattice constant 
using single crysta l s of ZnxFe3_x04 and found 
a0 = 0.8429 at x = 0.8 and 0.8390 nm at x = 0. 
The determination of the cell parameters 
using the aggl omerates particles studied in the 
present paper would be unnecessarily complex: as 
mentioned in the text, there was scatter in the 
Zn/Fe ratios on a particle-by-particle basis for 
each magnetic fraction. It is not possible to 
ignore the fact that some of the scatter in the 
Zn/Fe ratio may be explained by particles being 
mechanically mis-sorted in the Frantz. The use of 
the mode Zn/Fe ratio has the advantage of 
eliminating outlier data . However using a bulk 
X-ray diffraction technique to obtain the varia-
tion in cell dimensions (a change from '\,Q.839 nm 
to ~0.843 nm) will give the values for all the 
zinc ferrites (even those mechanically misplaced) 
in the magnetic fractions. Therefore this will 
necessitate the use of a particle-by-particle 
technique to obtain the cell dimensions; i.e. 
collection of electron diffraction patterns on a 
particle by particle basis, and then obtaining 
the most often encountered cell parameter (the 
mode a0 ). This task is even more complicated if 
it is considered that in order to increase the 
perfection of the magnetic separation we use 
coarse ··particles .. (~5 µm). Electron diffraction 
patterns from such particles will necessitate the 
use of special sample preparation techniques 
(impregnation? microtomy? polishing? ion polish-
ing?). This was outside the stated scope of the 
work. 
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Finally, it is believed that the experimental 
results shown in the present paper together with 
the reported (Lyamina et al, 1985 and Srivastava 
et al, 1976) behaviour of synthetic zinc ferrite 
give enough conclusive evidence to state that the 
magnetic suscep tibility of industrially produced 
zinc ferrites i s related to compositional varia-
tion. In general, the lower Zn/Fe ratio the high-
er the magnetic susceptibility. 
G. Bonifazi: Taking into consideration only 100 
grains of one part of the fraction (number 3) among 
those obtained working the original sample, does 
it represent a sort of .. limitation .. with respect 
to the extension of results to the Zn-ferrites 
present inside the sample? Have other surveys 
been carried out with reference to other frac-
tions? If they have been, do the obtained results 
agree with those in thi s paper? 
Authors: The cone 3-size fraction was further 
fractionated magnetically. Then ~100 particles 
of each magnetic fraction (having zinc ferrite as 
major phase) were examined to obtain the mode 
Zn/Fe ratios. Therefore in total ~80 particles 
of cone 3-size fraction were analyzed. On the 
other hand it is true that only cone 3-size frac-
tion was studied by magnetic fractionation, and 
SEM-EDS analysis . However, there is no reason to 
believe that the zinc ferrites in those size 
fractions would show a different trend between 
magnetic susceptibility and Zn/Fe ratio. 
G. Boni faz i: The authors speak of "no obvious 
differences in morphologies between particles", 
but the type of morphological research carried 
out on the particles is not clear. The only 
data can be obtained from the examination of the 
figures. So, did you come to the conclusion that 
the morphology between one grain and another does 
not change, on the basis of a series of visual 
observations or of precise morphological surveys 
(share analysis)? Which one? Has the same type 
of observation been carried out for other grain 
fractions? Are the obtained results the same? 
Which is the meaning of the .. shape factor .. , shown 
in Fiaure 5? 
Authors: The .. shape fac~or .. in Figure 5 is given 
by the ratio (Perimeter) /Area x 4TT for each 
particle. However these data were not used to 
reach any kind of morphological conclusion. Our 
observations were merely of a visual nature, 
based upon previous experience. For example 
Figures ll and 12 (Lastra et al, 1987b) show the 
type of zinc ferrites found in the hot-a cid-leach 
residue of Kidd Creek, at the 50 mA fraction and 
at the 200 mA magnetic fraction. The change in 
morphology in those two figures is obvious. This 
type of obvious difference in morphology was not 
observed in the zinc ferrites at the different 
magnetic fractions from the cone 3-size fraction 
of the low-acid-leach residue of the CEZ plant. 
G. Remand: How did you obtain the reference X-ray 
intensities used to normalize the intensities 
being characteristic of the particles (external 
standards or calculated data including the re-
sponse function of the spectrometer? 
Authors: Normalization (with respect to reference 
R. Lastra, N. Rowlands, and J.A. Finch 
Figure ll 
Figure 12 
SEM micrograph showing one of two 
particles morphologies in the 50 mA 
Frantz separator fraction of HAL re-
sidue. EDS peak ratios (Fe= l): 
Zn, 0.35; S + Pb, 0.15; Cu, 0.22. 
SEM micrograph of typical particles in 
the 200 mA Frantz separator fraction 
of HAL residue. EDS peak ratios 
(Fe= l) for particle in centre: 
Zn, 0.47; S + Pb, 0.09; Cu, 0.31. 
intensities) was done using program SQ (Tracor). 
This program uses references stored in computer 
memory. It also uses operational parameters 
such as the accelerating voltage and take-off 
angle to calculate the correction factors. 
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